Optical transmission measurements were carried out on Pb 1Ϫx Sr x Se samples, grown by molecular beam epitaxy, with different Sr compositions ͑x͒ ranging from 0 to 1. Refractive indices were calculated for all the samples at room temperature and at 77 K by fitting the transmittance data. Bandgap energies of all compositions were calculated by fitting the absorption coefficients to theoretical models of direct and indirect transitions. A distinct bandgap inversion from the direct to the indirect was observed at a Sr composition of approximately xϭ0.20. The direct and indirect bandgaps of SrSe calculated from the experimental results were found to be 3.81 and 1.82 eV, respectively.
I. INTRODUCTION
PbSe and lead-alkaline-earth-chalcogenide materials Pb 1Ϫx Sr x Se have attracted considerable attention for optoelectronic applications, most notably mid-infrared ͑mid-IR͒ lasers and mid-IR/ultraviolet ͑UV͒ detectors. 1 The bandgap energies and the refractive indices of this material system strongly depend upon the strontium composition. These properties have been used for tailoring the growth of quantum wells and distributed Bragg reflectors ͑DBR͒ for vertical cavity surface emitting lasers 2, 3 ͑VCSELs͒ and detectors. However, the basic electronic and optical properties have only been investigated for select compositions of the material system. The focus of this work is to determine experimentally, the electronic and optical properties of the ternary compound for Sr compositions from 0 to 1. PbSe, which is a narrow bandgap material, has been extensively studied and is known to have a direct narrow bandgap of about 0.3 eV at the L point of the Brillouin zone. 4 SrSe, on the other hand, is a wide bandgap material, which has an indirect bandgap between the X -⌫ bands of the Brillouin zone. 5 As the Sr composition in the ternary compound Pb 1Ϫx Sr x Se increases, it changes from being a narrow direct bandgap material to a wide indirect bandgap material. We have determined for the first time, the composition at which this transition occurs. Similarly, we have experimentally determined the refractive index and absorption coefficient over the full range of Sr composition.
II. GROWTH AND MEASUREMENTS
In this research, we have grown epitaxial layers of Pb 1Ϫx Sr x Se by molecular-beam epitaxy ͑MBE͒, on BaF 2 (111) substrate, with nine different Sr compositions ͑x͒ ranging from zero to one. A compound source of PbSe and elemental sources of Sr and Se were used to grow epitaxial layers of Pb 1Ϫx Sr x Se on freshly cleaved BaF 2 (111) in a custom-made MBE chamber. Details of the growth are described elsewhere. 2, 3 The optimized substrate temperature for good epitaxial growth depends upon the Sr composition and was found to lie in the range of 360°C to 450°C. The crystal quality improved with an increase in the substrate temperature for high Sr content (xϾ0.3). The epitaxial layers were grown to a thickness in the range of 2-4 m.
X-ray diffraction measurements on the samples were performed on a Philips high resolution x-ray diffraction spectrometer ͑HRXRD͒ with a four crystal Ge ͑220͒ monochromator. The Sr composition was determined by assuming that the lattice constant of Pb 1Ϫx Sr x Se increases linearly with the increase in Sr composition ͑Vegard's law͒. Figure 1 shows a plot of the composition versus lattice constant, while the insert is a typical XRD curve of Pb 1Ϫx Sr x Se grown on BaF 2 (111).
Optical transmittance of the epitaxial layers was measured at room temperature and at liquid nitrogen temperature by Fourier transform infrared ͑FTIR͒ transmission spectroscopy. A deuterated triglycine sulfate ͑DTGS͒ detector and a globar source were used to measure transmission at the mid-IR regions, a silicon detector, and a tungsten source were used for near-infrared ͑NIR͒ and visible regions, and a xenon-arc source and a gallium-phosphide ͑GaP͒ detector were used for the UV region of the spectrum. The transmission spectra are shown in Fig. 2 .
III. RESULTS AND DISCUSSIONS
The transmission spectra were used to calculate the refractive index and the absorption coefficient of each sample by the methods described elsewhere. 6 The approximate refractive index for each composition was calculated from the odd interference peaks in the long wavelength regions which are well below the energy bandgap ͑no absorption region͒.
The approximate values were then used in the equation of transmittance 6 and matched with the experimental curve by an iterative method from which the true values of refractive index, absorption coefficient and thickness of the epilayer were determined. It may be noted that absorption coefficient and refractive index of the substrate were considered in the n RT ϭϪ0.095ϩ4.961 exp͓Ϫ0.869x͔,
where n RT and n LN represents refractive index at room temperature and at liquid nitrogen temperature, respectively, and x is the Sr composition (xϭ0 to 1͒. It may be noted from Fig. 3 , that while the refractive index of PbSe shows a negative temperature coefficient, the refractive index of SrSe shows a positive temperature coefficient. At a composition close to Pb 0.82 Sr 0.18 Se the refractive index at 4 m is independent of temperature in the measured temperature range. The refractive index of SrSe was found to be 2.04 at room temperature and 1.82 at 77 K at the wavelength of 4 m. The inset of Fig. 3 shows the wavelength dependent refractive index of SrSe at room temperature.
Absorption coefficients of the samples calculated by the iterative method described above are shown in Fig. 4 . It should be noted in the figure that the slopes of the absorption curves change dramatically with an increase in Sr composi-
2 is negative for low Sr content PbSrSe, it is positive for high Sr content PbSrSe. Similar changes in the slopes of curvature may also be noted in Fig.  2 where the transmissions are plotted against a logarithmic scale and thus represent absorption of the material. Such a change in curvature of the absorption coefficient is indicative of a change in nature of bandgap.
For materials with a direct transition the absorption coefficient is given by the equation, For indirect transitions, the absorption coefficient is given by the equation
where A and B are constants, h is the photon energy and E g is the bandgap energy. E p is the phonon energy values, which are much lower than (hϪE g ) in the fitting region and thus can be neglected. For example, PbSe, which has the lowest bandgap energy, has phonon energy less than 0.019 eV at room temperature. 8 The above equations are valid only when the photon energy is greater than bandgap energy (hϾE g ), therefore, we have used only this region for our bandgap calculations. Differentiating the above equations twice with respect to (h) we find
, which is negative for (hϾE g ), and
which is positive for (hϾE g ). The above equations thus suggest that our experimental observations of the curvature change indicate the bandgap of Pb 1Ϫx Sr x Se changes from the direct to the indirect as the Sr composition increases. Bandgap energies were calculated by fitting the absorption equations of direct and indirect transitions to the experimental absorption curves. The direct transition absorption equation fits well for the samples with low Sr compositions (xϽ0.22). However, for samples with high Sr compositions (xϾ0.53), no single absorption equation can fit the whole curve, though the equation for indirect transitions fits well in the low absorption part of the curve. This further indicates that the lowest band transition has the indirect nature for high Sr composition and at high energy, transitions from both the indirect and direct bands contribute to the absorption.
Therefore, for samples with high Sr composition, we first calculated the indirect bandgap energy by fitting the low absorption part of curves with the indirect transition absorption equation. We then calculated the absorption due to indirect transition for the whole spectrum and subtracted it from the experimental absorption curve. The remaining curve gives the absorption due only to the direct transition. The difference spectrum was then fitted with the equation for direct transitions to obtain the direct bandgap energies for the high Sr compositions. Here we have considered that the direct and indirect transitions are independent of each other and thus may be added to find the net absorption of the material. absorption curve, indicating that the material's lowest bandgap energy is direct. Figure 6 shows the experimental absorption curve of SrSe and the fits obtained from the direct and indirect absorption equations. In Fig. 6͑a͒ , fits to the low absorption region of the SrSe experimental data with both the direct and indirect transition absorption equations are shown. Clearly, the indirect transition equation best describes this region of the spectrum. 
The indirect band gap energy of Pb 1Ϫx Sr x Se for Sr composition greater than 0.20 (xϭ0.43-1), follows a straight line given by:
From various calculations and experiments, PbSe is known to have a direct fundamental gap,
, at the L point of the Brillouin zone. 9 SrSe, which is the other extreme of the Pb 1Ϫx Sr x Se material system, has indirect bandgap energy between the X 3 and ⌫ 15 bands E g ϭE(X 3 )ϪE(⌫ 15 ). 10 The bandgap energies for SrSe from several references and the current work are shown in Table I . A large discrepancy in the reported values calculated by various methods is observed. The transmission measurement from our SrSe samples shows absorption starting from a photon energy of about 1.6 eV, which hints that indirect bandgap energy is much lower than the theoretical and experimental values of Table I . Our experiments give an indirect bandgap energy of 1.82 eV and direct bandgap energy of 3.81 eV for SrSe at 77 K. The direct bandgap energy for PbSe, from our experiment, is 0.278 eV at 77 K, which agrees well with the previous reports. As the indirect bandgap energy of Pb 1Ϫx Sr x Se changes linearly with composition ͑x͒, it is probable that the lowest indirect bandgap energy for the all the compositions (xϭ0.43-1) occurs between similar bands that separate linearly as the Sr composition is increased. Extrapolating the indirect bandgap energy curve to low Sr composition, a crossing of the direct bandgap energy curve occurs at xϳ0.2. This suggests that the lowest energy gap of Pb 1Ϫx Sr x Se is direct for xϭ0 -0.2 and is indirect for x ϭ0.2-1.
IV. CONCLUSIONS
In summary, we have experimentally determined the refractive indices and the direct and indirect bandgap energies of the material system Pb 1Ϫx Sr x Se for x ranging from 0 to 1. Further experimental and theoretical investigations are needed to draw a clear picture of the energy band-structures and transitions for different Sr compositions. However, these first hand results provide useful information, which may be used to further the understanding of the fundamental properties of the PbSrSe system such as the bandgap transitions. Finally, the values of refractive indices, absorption coefficients, and energy bandgaps provided are essential for further development of opto-electronic devices in this material system. 
